Development of a quantitative PCR method to explore the historical occurrence of a nuisance microalga under expansion.
Introduction
Algal blooms are a global and recurrent problem with adverse effects on ecosystem services and public health, resulting in substantial economic losses (Hoagland and Scatasta, 2006) . Although there is a common conception that bloom incidence has increased during recent decades and that bloom-forming taxa have colonized new areas Hallegraeff, 1993) , studies of phytoplankton range expansions or invasions are few (Litchman, 2010) . This knowledge gap can partly be attributed to difficulties associated with the detection of ephemeral, freeliving, non-pathogenic microorganisms in the environment (Litchman, 2010) . In addition, microorganisms were until quite recently believed to lack biogeographic patterns and were therefore not regarded as potential invaders (Finlay, 2002) . Nevertheless, some phytoplankton taxa are currently considered invasive based on molecular data and/or historical records. Some confirmed examples are found among the dinoflagellates, e.g. Gymnodinium catenatum (Bolch and de Salas, 2007) and the Alexandrium tamarense species complex (Bolch and de Salas, 2007; Lilly et al., 2002) , cyanobacteria, e.g. Aphanizomenon ovalisporum and Cylindrospermopsis raciborskii (Neilan et al., 2003; Sukenik et al., 2012) , and among freshwater raphidophytes, i.e. Gonyostomum semen Lebret et al., 2015) . For a comprehensive list of potential and documented invasive freshwater phytoplankton see review by Padisá k et al. (2016) .
During recent decades, Gonyostomum semen (Ehrenberg) Diesing has expanded its habitat range. It was originally only found in acidic humic bog waters (Cronberg et al., 1988) but now occurs in a wide range of freshwater lakes in terms of pH, nutrients, and humic content Lepistö et al., 1994; Rengefors et al., 2012; Trigal et al., 2013) . Bloom incidence is, however, higher in lakes with high water color (proxy for humic substance concentration) and low pH than in those with low water color and high pH (Trigal et al., 2013) . This species is currently the only documented example of an invasive freshwater raphidophyte, and is also classified as a nuisance species by the Swedish Invasion Colonization Benthic cysts Raphidophyceae qPCR Gonyostomum semen
A B S T R A C T
A number of marine and freshwater harmful algal bloom (HAB) species have colonized new areas and expanded their habitat range in recent years. Nevertheless it is notoriously difficult to establish when colonization first occurred, what the dispersal routes are, and to separate recent invasion from increases in existent but small populations. The freshwater raphidophyte Gonyostomum semen is a nuisance species that has expanded its habitat range and increased in abundance in northern Europe during the past decades. To evaluate to what extent sediments can be used for determining historic occurrence of G. semen, a quantitative real-time PCR method for detecting cysts of this algae was developed. This paper presents a qPCR protocol with a set of primers that are specific to Gonyostomum and with PCR conditions optimized for sediment samples from humic lakes, which are the common habitat of G. semen. With this sensitive method as few as 1.6 cysts per PCR reaction could be reliably quantified, corresponding to 320 cysts per g wet weight sediment. Cysts were present in sediments with ages ranging from years to decades and their persistence allows detection of historic populations up to at least 50 years old. With this qPCR assay it will be possible to trace the presence of G. semen in environments prior to the onset of algae-specific monitoring programs as well as for quantification in water column samples. Environmental Protection Agency. Blooms of G. semen can reduce the recreational value of aquatic ecosystems (Hongve et al., 1987) due to cell expulsion of mucilaginous threads (Cronberg et al., 1988 ) that may cause skin irritation to swimmers (Sö rensen, 1954) . Moreover, recent work has shown that blooms of G. semen reduce the trophic coupling between primary producers and filterfeeding zooplankton (Johansson et al., in press ) likely due to the low edibility of the alga Lebret et al., 2012a) . The blooms may dominate the phytoplankton community by up to 98% and extend for several months (Lebret et al., 2012b) . The life cycle of G. semen consists of a motile planktonic stage which divides asexually during summer months, gamete formation, sexual fusion followed by cyst formation in the fall, and benthic cysts that overwinter in the sediments (Cronberg, 2005; Figueroa and Rengefors, 2006) . Cysts germinate in the spring after a period of mandatory dormancy, and show a maximum excystment in May (Rengefors et al., 2012) . The increasing occurrence of Gonyostomum semen during the past 50 years has been attributed to rising DOC concentrations and water temperatures in boreal lakes based on analyses of monitoring data from the late 1980s to 2010 (Rengefors et al., 2012; Trigal et al., 2013) . Changes in DOC and temperature may have facilitated an expansion to habitats that were previously uninhabited by this organism. Population genetic analyses support a relatively recent colonization of Scandinavia and Finland by G. semen but cannot pinpoint the time period of the expansion . In general, studying a species' expansion pattern and establishing when it started colonizing new localities requires a combination of population genetic data and information about the historical occurrence of the organism from e.g. monitoring time series (Bolch and de Salas, 2007) . In many cases, including that of G. semen, a combined use of genetic information and time series is, however, not feasible, as monitoring data on community composition are not available or do not cover the time period before the apparent range expansion. In the case of G. semen there are first reports of blooms from 1948 (Sö rensen, 1954) , but the national monitoring programs do not stretch back far enough in time to determine when the expansion started.
An alternative approach for obtaining information about the historical occurrence of phytoplankton is to use the sediment record as an ecological archive (Dale, 1996) . Many species, including Gonyostomum semen (Cronberg, 2005; Figueroa and Rengefors, 2006) , produce benthic resting stages as a means of surviving unfavorable environmental conditions. The resting stages are deposited in the sediment and may remain there for years or decades without being degraded (Fryxell, 1983; Hä rnströ m et al., 2011; Ribeiro et al., 2011) . As sediments are deposited chronologically with older material found in deeper layers of the sediment profile, the time period when resting stages were deposited can be inferred using e.g. radiometric dating techniques (Smol, 2002) . For example, Ribeiro et al. (2012) could track the 150-year old historical range expansion of the dinoflagellate Gymnodinium catenatum in the Northeast Atlantic using sediment core analyses. In addition to providing information about the occurrence of species during periods that lack time series data, sediment samples have some additional advantages compared to pelagic phytoplankton samples. First, they incorporate resting stages produced during the entire growing season rather than providing a snapshot from a particular sampling occasion. Second, the accumulation of sediment in the deepest part of a lake (sediment focusing) results in the integration of material deposited in a larger part of the lake than just above the sampling point (Smol, 2002) .
Phytoplankton resting stages in lake and marine sediments can be detected and enumerated using microscopy, either using regular light microscopy or with the help of primuline staining and epiflorescence (Anderson et al., 1996; Yamaguchi et al., 1995) . These methods are, however, time-consuming and require taxonomic expertise, as resting stages need to be separated from bulk sediment and identified and counted manually. Moreover, resting stages are often difficult to discern and identify, as they are rare amongst all the other particles in the sediment, and often lack distinct species-specific features. This is particularly true for the cysts of Gonyostomum semen, which are more fragile than dinoflagellate cysts and can easily be confused with cysts from other species (personal observations). An alternative method that has been developed for surveys of dinoflagellate cysts is quantitative real-time PCR (qPCR) based on quantification of gene copies (Erdner et al., 2010) . This has proven to be a very useful method to perform cyst surveys in marine sediments (Bowers et al., 2006; Erdner et al., 2010; Kamikawa et al., 2007) , but has to date not been used to examine historical changes or to study cyst distribution in freshwater systems.
The aim of the present study was to develop and test a qPCR method for detecting and quantifying Gonyostomum semen resting cysts in sediments from highly humic lakes, which are the typical habitat of this species (Cronberg et al., 1988) . The specific goals included determining the limit of quantification and testing how far back in time G. semen DNA could be recovered. This method could be used for addressing specific questions about the historical occurrence and dispersal of G. semen as well as more general issues regarding microalgal range expansions.
Material and methods

Algal cultures
Clonal cultures of three raphidophyte species were used in this study: the freshwater taxa Gonyostomum semen and Vacuolaria virescens Cienkowski, and the marine Heterosigma akashiwo (Y. Hada) Y. Hada ex Y. Hara & M. Chihara. Cultures of G. semen originated from the following lakes in southern Sweden: Lake Bö kesjö n (55.5758 N, 13.4388 E; strains GSBO-175 and GSBO-211 isolated in 2009), Lake Dagstorpssjö n (55.9928 N, 13.4848 E; strain GSDA-4 isolated in 2006), and Lake Dammen (56.5538 N, 14 .3188 E, strain GSDM-18 isolated in 2013) and were isolated according to the protocol in Lebret et al. (2012b) . The G. semen cultures were grown in modified Wright's cryptophyte (MWC) medium (Guillard and Lorenzen, 1972) Sediment samples were collected from Lake Bö kesjö n, a lake with recurrent blooms of Gonyostomum semen (Lebret et al., 2012b) in October 2009. Sampling was performed from a boat using a small gravity corer (Ø10 cm). The high water content of the sediment prevented slicing of the cores and the surface sediment was instead poured into plastic jars. Newly formed G. semen cysts (hours to days old) were collected while still suspended in the surface water using a 20 mm plankton net. All samples were kept dark and cool during transport back to the laboratory. The cyst sample was immediately concentrated upon return to the laboratory using a 20 mm sieve, and were then transferred to cryovials. The cryovials were submerged in plastic jars containing lake sediments sampled from a lake (Lake Krankesjö n) with no G. semen in order to maintain them in anoxic conditions (Anderson et al., 1996) . The jars were subsequently stored in the dark at 4 8C. In addition to samples containing G. semen, sediments were collected from two lakes where occurrence of G. semen has not been reported despite intensive monitoring; Lakes Erken (59851 0 N; 18836 0 E) and Krankesjö n (55842 0 N; 13827 0 E) in 2010. Sediments and cysts from these sampling occasions were used for the development phase of this study.
Environmental samples for lake validation study
Sediment cores were collected from four lakes in June 2012 to determine at which sediment depth DNA from cysts can be recovered, the age of those cysts, and whether the time period from which cysts were detected in the sediment corresponded with previous reports of the presence of Gonyostomum semen in the lakes. Observations of G. semen blooms were reported from two of these lakes (Lake Strå ken and Lake Helgasjö n, Table 1), from the late 1940s (Sö rensen, 1954) . The other two lakes (Lake Ä lgarydssjö n and Lake Tå ngerdasjö n, Table 1 ) have been included in the Swedish national monitoring program since 1986 and 1995, respectively, but repeated blooms were recorded only since 2000 in Ä lgarydssjö n and since 2005 in Tå ngerdasjö n (data from Swedish environmental monitoring downloaded from http:// www.slu.se/aquatic-sciences). Sediment samples were collected using a small gravity corer (Ø6.5 cm, length 50 cm) in the accumulation zone (deepest part) of the lakes. Four cores per lake were collected and the cores were sliced into 1 cm thick slices. The length of the cores was 20-40 cm. Sediment slices were collected in plastic jars (Container 60 P with Lid 69, Nolato Cerbo, Trollhä ttan, Sweden), kept dark and cool during transport, and later stored in darkness at 4 8C.
2.3. DNA extraction 2.3.1. DNA extraction from algal cultures A modified CTAB protocol (Lebret et al., 2012b ) was used to extract DNA from all algal cultures except the Gonyostomum semen strain GSDA-4. Cells were harvested by centrifugation (2000 Â g, 10 min) and the pellet was resuspended in 700 mL CTAB-buffer (Dempster et al., 1999) . The sample was heated at 65 8C for 60 min and vortexed every 15 min. Next, 700 mL chloroform:isoamyl alcohol (24:1) was added and the sample was shaken at 120 rpm for 20 min after which it was centrifuged for 15 min (20 000 Â g, 4 8C). 500 mL of the supernatant was extracted using 250 mL 5 M NaCl solution and 500 mL ice cold isopropanol. The DNA was precipitated by centrifugation for 15 min (20 000 Â g, 4 8C), washed twice in 70% ethanol, dried under vacuum for 20 min in an orbital shaker (SSL1, Stuart, Staffordshire, UK), resuspended in 50 mL MilliQ water and incubated at 65 8C for 60 min. Yield and purity of DNA was checked by spectrophotometry using a Nanodrop 2000 (Thermo Fisher Scientific) at wavelengths 260 and 280 nm and calculating 260/280 ratio. From the culture GSDA-4, DNA was extracted using the FastDNA 1 SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, USA) according to the manufacturer's instructions except that samples were vortexed 3Â 1 min instead of using a FastPrep 1 instrument. Final DNA concentration was measured spectrophotometrically as above.
Comparison of methods for DNA extraction from sediments
Two different protocols were tested to establish a method for efficient extraction of Gonyostomum semen from sediments: (1) a CTAB method (see above), and (2) with FastDNA 1 SPIN Kit for Soil. The two methods were tested on sediments (three replicates of each 0.5 g wet weight, approx. 0.5 mL) from a lake with no record of G. semen (Lake Krankesjö n), which had been spiked with a suspension of 1000 G. semen cells from strain GSBO-175. In the CTAB-method, the sediments were resuspended in 2.5 mL CTABbuffer and incubated at 65 8C and vortexed every 15 min. The samples were first centrifuged at 3000 Â g for 8 min in 15 mL tubes (Nunc, Thermo Fisher Scientific), 1.5 mL of the supernatant was transferred to 2 mL microcentrifuge tubes (Sarstedt, Nü rnbrecht, Germany) and centrifuged for another 10 min at 20 000 Â g twice to remove sediments. The supernatant (1 mL) was transferred to new microcentrifuge tubes. An 1 mL mix of chloroform:isoamyl alcohol (24:1) was added and the procedure was followed as described above. For the FastDNA 1 SPIN Kit for Soil an equivalent sample was used and manufacturer's instructions were followed except that the samples were vortexed three times for one min instead of using a FastPrep instrument. After the extraction qPCR was performed using primer combination (GS1) (see below for settings). The methods were evaluated by comparison of the quantification cycle (C q ).
DNA extraction from sediments for lake study
Within 2 weeks after sampling, 100 mg subsamples were collected from the upper part of every second 1-cm slice from two cores per lake using a spatula, starting at the second slice from the top (1-2 cm depth). To avoid potential contamination from the slicing procedure and from sediment running along the sides of the sampler, the uppermost layer of the slice was removed and the subsample was collected away from the sides of the slice. The samples were weighed prior to extraction for later normalization of cyst numbers to sediment weight. Extraction was performed using the FastDNA 1 SPIN Kit for Soil as described above, but the washing step was repeated an additional two times to remove humic substances. MilliQ water was used as a negative control to detect contamination during DNA extraction. The DNA samples were stored frozen (À20 8C) after extraction. The percent dry substance in sediment from the subsampled slices was determined so that cyst numbers later could be normalized also to dry weight sediment. Scintillation vials (High Performance Glass Vial TM , PerkinElmer, Waltham, MA, USA) were dried at 1058 for 1 h and left to cool in a desiccator. Approximately 40 g of wet sediment was added to each scintillation vial and the wet weight was recorded, after which the sediment was dried at 1058 for 8 h. After the samples had cooled in a desiccator, the dry weight was determined and the percent dry substance of wet sediment was calculated for each sample.
Design and selection of primers
Primer sites were identified by aligning sequences of the small subunit rRNA gene of 25 different algae related to Gonyostomum semen (based on previous work (Figueroa and Rengefors, 2006) and on what had high similarity on GenBank (in 2010) as determined by BLAST, Table 2 ) using the software ClustalX (version 2.0.12). Primers were targeted to the most variable regions in the SSU rRNA gene to be species-or genus-specific, as well as being within the range of 100-250 bp (Fig. 1) . NCBI Primer Blast (http://www.ncbi. nlm.nih.gov/tools/primer-blast/) was used to check the specificity of the designed primers. An additional primer combination, here referred to as GS1, was also tested. This primer combination was based on a general raphidophyte primer pair from Handy et al. (2006) but was modified by one bp to match the sequence of G. semen. Except for GS1, which is a general raphidophyte primer pair, all other primer pairs were designed not to amplify closely related species. All tested primers were ordered from Macrogen (Seoul, South Korea) and are listed in Table 3 . Note that primers are not cyst stage-specific, but will target DNA from any life cycle stage. Primers were first tested using standard PCR on DNA extracted from Gonyostomum semen cultures (strains GSBO-175 and GSBO-211). Reactions with a total volume of 100 mL contained 1Â PCR buffer (Applied Biosystems, Foster City, CA, USA), 3 mM MgCl 2 (Applied Biosystems), 0.125 mM of each dNTP (Fermentas, Thermo Fisher Scientific), 0.1 mM forward and reverse primer, 2.5 U AmpliTaq 1 DNA Polymerase (Applied Biosystems), and 5 ng template DNA. The PCR was performed using a Veriti TM Thermal
Cycler (Applied Biosystems) with the following cycling conditions: 5 min at 94 8C followed by 35 cycles of 94 8C for 60 s, 55 8C for 90 s, 72 8C for 60 s, and finally 72 8C for 7 min (Rengefors et al., 2008) . The PCR products were analyzed by gel electrophoresis on 1.2% agarose gels. Primer combinations resulting in an amplicon of the expected size were further tested for dimer formation and genus specificity using qPCR.
Tests of primers using qPCR were performed on positive controls (DNA extracted from both Gonyostomum semen strains and sediments from Lake Bö kesjö n containing G. semen cysts) and negative controls (DNA extracted from sediments from the two lakes without G. semen). Genus specificity was tested using the Heterosigma akashiwo and Vacuolaria virescens cultures. The qPCR reactions were run on an Mx3000P instrument (Stratagene Agilent, Santa Clara, CA, USA) using the MxPro qPCR Software version 4.10. The temperature profile and primer concentrations were chosen according to the recommendation of the manufacturer of the master mix (Roche, Stockholm, Sweden). Reactions of a total volume of 25 mL contained 12.5 mL FastStart Universal SYBR Green Master (ROX) (Roche), 6 mL MilliQ water, 300 nM forward and reverse primer and 5 mL template DNA. The cycling conditions were: 10 min at 95 8C followed by 40 cycles at 95 8C for 15 s and 60 8C for 60 s, and finally a melt curve initiated by 95 8C for 60 s and followed by a ramp from 55 8C to 95 8C with 30 s at each degree. Primer dimer formation was assessed by melt curve analysis. 2.5. Quantitative real-time PCR optimization 2.5.1. qPCR optimization Most optimization was performed using the GS2 primer pair since this initially appeared to be the best primer combination. Optimization was performed only to increase the specificity of the assay. Three different primer concentrations were tested (50, 200, and 300 nM), as well as three different annealing temperatures (58, 60, and 63 8C).
Construction of qPCR standard curve
Products from PCR amplification of DNA from cultures of Gonyostomum semen (GSBO-211 for the development phase, strain GSDA-4 for the lake study, and strain GSDM-18 for determining limit of quantification) using the primer pair GS2-F + GS5-R were used as standards for qPCR. The master mix and cycling conditions were as described for regular PCR in Section 2.4. The PCR products were cleaned using the E.Z.N.A.
1 Cycle Pure Kit (Omega Bio-Tek, Stockholm, Sweden) and DNA concentrations were determined with a fluorometer (FLUOstar OPTIMA, BMG LABTECH) and the Quant-iT TM PicoGreen 1 dsDNA reagent and kit (Invitrogen) in a 200 mL volume. Copy number was calculated using the molecular weight of the target sequence (GS2-F + GS5-R = 149 403 Da). To verify that the correct target sequence was used, the PCR-product of this primer combination was sequenced. The PCR-product was cleaned and sequenced from both ends using BigDye (Thermo Fisher Scientific) in an ABI Prism 3100 sequencer (Applied Biosystems). A series of five dilutions ranging from 10 5 to 10 9 Â dilution of the PCR product were used to produce the standard curve. The efficiency of the qPCR reaction was calculated based a 10-fold serial dilution of the PCR product using the formula:
where log copy number is plotted against average C q .
Determination of cyst ribosomal copy number
To determine the copy number of the target gene in cysts, a total of 40 cysts (to each of three replicates) were isolated using a micropipette, washed in several steps, and placed directly into the tubes of the FastDNA 1 SPIN Kit for Soil. The DNA was extracted and eluted with 80 mL MilliQ water. 10 mL extracted DNA (corresponding to 5 cysts) were used in a qPCR reaction in triplicates.
Comparison of qPCR and microscopic enumeration of cysts
A sediment sample from lake Bö kesjö n, which has annual extensive Gonyostomum semen blooms (but no other raphidophytes) that dominate the phytoplankton community by up to 98% of the biomass (Lebret et al., 2012b) , was used to compare the results of the qPCR analysis with microscopic cell enumeration. This surface sediment sample was very liquid and could easily be mixed by inverting tubes and subsampled into triplicates of 400 mL, which were extracted using the FastDNA 1 SPIN Kit for Soil as described above. Another set of triplicate 400 mL subsamples were transferred to 15 mL centrifuge tubes and diluted to a final volume of 4 mL. The number of green-colored (viable) and brown-colored (likely nonviable) G. semen cysts of each replicate were counted in a SedgewickRafter counting cell (1 mL) using an inverted microscope (Nikon Eclipse TS100, Nikon, Tokyo, Japan). Previous work with G. semen cysts (Figueroa and Rengefors, 2006; Rengefors et al., 2012 ) that were germinated has given the authors the experience and expertise to correctly identify G. semen cysts, and not confuse them with dinoflagellate cysts found in the sediments of Lake Bö kesjö n. For further confirmation, a similar procedure was performed using the sample containing cysts collected from the water column (these were exclusively G. semen motile cells and cysts and thus easily identifiable), from which 400 mL were used for DNA extraction and 400 mL were diluted to 4 mL for counting. There were not enough cysts to produce replicates. The average number of cysts counted using the two different methods was compared using Welch's t-test with a = 0.05 in Microsoft Excel.
2.6. Cyst detection and quantification in lake sediments 2.6.1. Test of qPCR inhibition, purification of samples and modification of qPCR master mix The DNA samples extracted from the upper part of one core per lake (the slice at 1-2 cm depth), which contained Gonyostomum semen DNA, were used to test for inhibition of the qPCR reaction by co-extracted substances. Dilution series (2Â) starting at a 1:50 dilution of the samples were used for qPCR and the number of cycles between each dilution was checked. The master mix and cycling conditions were as described for qPCR in Section 2.4. As there were signs of inhibition in all of the samples at 1:50 dilution, the qPCR master mix was modified using extra MgCl 2 and addition of bovine serum albumin (BSA). The addition of these two substances was done separately and at several concentrations. MgCl 2 was added at 0.5 and 0.75 mM and BSA was added to a 0.2, 0.4, 0.6, and 0.8 mg mL À1 final concentration. As the samples from the top section of the cores showed inhibited reactions at 1:50 dilution despite modifications of the master mix, one of these samples (from Lake Ä lgarydssjö n) was purified using the OneStep TM PCR Inhibitor Removal Kit (Zymo Research, Irvine, CA, USA) to remove co-extracted inhibiting substances. A further test of inhibition was performed after purification, using the Table 3 List of primers (F, forward primer; R, reverse primer; Tm calculated with NCBI primer blast). All except GS1 were designed to be specific for Gonyostomum. GS1 was designed by Handy et al. (2006) to be a general raphidophyte primer, but was altered in one base pair (in bold) to match the Gonyostomum sequence. undiluted sample followed by 2Â dilutions and the original master mix with no addition of MgCl 2 or BSA. The cycling conditions were the same as before. As the reaction still showed signs of inhibition after purification, the master mix was modified by addition of both MgCl 2 (0.75 mM) and BSA (0.2 mg mL À1 ). Samples from the top 1-2 cm slice from all four lakes were purified using the OneStep TM PCR Inhibitor Removal Kit and 2Â dilution series starting at 1:10 dilution were run using this modified master mix.
Establishment of the limit of quantification
To establish the lowest concentration of Gonyostomum semen DNA that could be quantified using this qPCR method, standard curves were constructed in three independent qPCR runs using triplicates of ten serial dilutions (10Â) of a PCR product (see Section 2.5.2), starting at a concentration of 7.34 Â 10 5 copies of the target DNA. The qPCR was performed using the modified master mix, i.e. reactions of 25 mL containing 12.5 mL FastStart Universal SYBR Green Master (ROX, Thermo Fisher Scientific), 4.75 mL MilliQ water, 300 nM forward and reverse primer, 0.2 mg mL À1 BSA, 0.75 mM MgCl 2 , and 5 mL template DNA, and the cycling conditions described for qPCR in Section 2.4. The lowest concentration at which the standard curve was still linear and the C q standard deviation among triplicates was below 0.5, was considered the limit of quantification.
2.6.3. qPCR on sediment samples for lake study Sediment samples from the four lakes, purified using the OneStep TM PCR Inhibitor Removal Kit, were run in duplicate qPCR reactions. Standards (also in duplicate) consisting of five dilutions of a purified PCR product as described in Section 2.5.2, and a notemplate control using MilliQ instead of sample, were also included. Samples were run in PCR plates (Sarstedt) with flat lids for strips (Sarstedt) in an Mx3005P qPCR machine using the MxPro software (version 4.10). Reactions of 25 mL contained 12.5 mL FastStart Universal SYBR Green Master (ROX), 4.75 mL MilliQ water, 300 nM forward and reverse primer, 0.2 mg mL À1 BSA, 0.75 mM MgCl 2 , and 5 mL template DNA. The cycling conditions were the same as described for qPCR in Section 2.4. The samples had been stored undiluted in microcentrifuge tubes (Axygen Scientific, Corning, NY, USA) at À20 8C for 14 months and serial dilutions of the standard had been stored in aliquots in strips (Multiply mStrip, Sarstedt) under the same conditions and for the same time period.
Dating of sediment cores
The chronology of sediment cores was retrieved using 210 Pb dating. For each lake, one of the cores that had been subsampled for DNA extraction was dated, except for the two subsampled cores from Lake Strå ken, which were both dated. The 210 Pb dating technique uses the vertical distribution of excess 210 Pb (T 1/2 = 22.3 years) to establish chronologies of sedimentary deposits accumulated over the past 100-150 years (Appleby and Oldfield, 1992) .
210 Pb activities were determined by measuring the activities of its granddaughter 210 Po, assumed to be in secular equilibrium with its parent nuclide in the sediment sample. 210 Po analyses were performed according with the methodology described in detail elsewhere (Klaminder et al., 2014) . In short, sediment samples was dissolved by microwave digestion after which 210 Po was deposited on silver discs. The isotope 209 Po was used as a tracer for yield determination. Po sources were counted using Ortec ULTRA-AS Ion-Implanted-Silicon Charged-Particle Detectors (Model U-020-450-AS, Ortec, Oak Ridge, TN, USA). Excess 210 Pb was assessed by subtracting the 210 Pb activities at depth from the total 210 Pb. In this study, the sediment accumulation rates were determined using the Constant Flux-Constant Sedimentation (CF:CS) model (Krishnaswamy et al., 1971 ).
Results
DNA extraction from sediments
The FastDNA 1 SPIN Kit for Soil was more efficient than the CTAB extraction method, as shown by a much lower C q -value for the SPIN Kit (18.4) compared to CTAB (26.8). Each was based on 1000 Gonyostomum semen motile cells spiked into 0.5 g wet weight sediment. Consequently, the SPIN Kit was used for the bioassay.
Primer development and testing
Primer design
Out of the 1774 base pairs of the 18S rRNA sequence of Gonyostomum semen only 30 base pairs differed from the closely related Vacuolaria virescens (Figueroa and Rengefors, 2006; Lebret et al., 2015) 21 of them were scattered across the first 1500 base pairs of the sequence. Consequently, the nine variable base pairs clustering at the end of the sequence were used for primer design. Different primer combinations were chosen to anneal close to this region (Fig. 1, Table 3 ).
Primer testing
A total of 11 primer combinations were tested, all of which produced a product with both standard PCR and qPCR using template DNA from Gonyostomum semen cultures (Table 4) . Of these, four primer pairs were used for further testing: GS1 (general raphidophyte primer), GS2, GS4, and GS2-F + GS5-R.
As expected, the general raphidophyte primer combination GS1 detected Vacuolaria virescens, Heterosigma akashiwo, as well as Gonyostomum semen. This primer combination was therefore used as a positive control for downstream testing. GS2 initially seemed G. semen-specific and optimizations were made using this pair of primers. This combination, however, sometimes amplified H. akashiwo after 30 cycles. Testing of different primer concentrations demonstrated that detection of H. akashiwo decreased with lower concentrations, but also that the detection of G. semen decreased substantially. Due to the detection of H. akashiwo, this primer pair was abandoned. Primer combination GS4 yielded a short product (50-55 bp) and detected both G. semen and V. virescens. The two species/genera could, however, be separated by melting curve analysis. Nevertheless, this combination produced primer dimers and was abandoned for quantification purposes.
Of all primer pairs tested, only one combination, GS2-F and GS5-R, was retained for quantification of Gonyostomum semen. The other primer pairs either produced false negatives, primer dimers, or amplified Vacuolaria virescens and/or Heterosigma akashiwo. The PCR product of this primer pair showed a single band with the expected size (242 bp) when analyzed by gel electrophoresis, and sequencing of the product yielded a 242 bp read with the expected sequence (GenBank KT962981) except for one SNP at position 1542 in relation to the strain NIES-1380 (GenBank AB512123.1). Manufacturer recommendations were used for annealing temperature and primer concentration since the GS2-F and GS5-R primer combination fulfilled the requirements of positive and negative controls.
Quantitative real-time PCR
Construction of a standard curve
The quantification of the standard in the development phase indicated that the 1:1000 dilution of the PCR product had a concentration of 4.28 ng mL À1 (n = 3) corresponding to a copy number of 8.63 Â 10 7 . The efficiency of the qPCR reaction was 87%.
Subsequent standard quantifications were in the same range of concentration and had efficiencies of 89-98%.
Quantification of cysts
The average copy number of the target sequence in cysts was 457 AE 223 copies (n = 3). Comparison of qPCR and microscopy showed that there was no significant difference (t-test, p < 0.05) between qPCR and total cyst counts (green and brown cysts). This was true both for cysts enumerated in the sediments and in the stored water column sample. Consequently, analyses of both types of samples showed that the number of green cysts determined by counting was significantly smaller than the cyst number determined by qPCR.
Using a 10Â dilution series of the PCR product of primer pair GS2F + GS5R as a qPCR standard in triplicate in three separate runs, the average C q at the limit of quantification (LOQ) was determined to 31.5 cycles, corresponding to a copy number of 73. This corresponds to less than 1 cyst, but as the environmental samples had to be run at 1:10 dilution to avoid effects of inhibiting substances, the actual number of cysts that could be reliably quantified using this method was 1.6 (Fig. 2) . This corresponds to 32 cysts in a 100 mg sample.
Inhibition tests of sediment samples
The qPCR samples that were run in a 2Â dilution series starting at 1:50 dilution showed signs of strong inhibition from co-extracted substances. The C q -values of the more concentrated samples were higher than those of more diluted samples in all lakes except for Strå ken. The latter showed moderate inhibition as indicated by a difference of <1 cycle in C q -values between the 1:50 and 1:100 dilution. Addition of BSA at 0.2, 0.4, 0.6, and 0.8 mg mL À1 (final concentrations) enabled amplification of all samples at 1:10 dilution but the reactions were still inhibited. Addition of MgCl 2 at 0.5 and 0.75 mM final concentration did not enable amplification at 1:10 dilution in all samples and reactions still showed signs of inhibition. Purification of the sample from Ä lgarydssjö n (which showed most inhibition) using the OneStep TM PCR Inhibitor Removal Kit did not completely remove inhibiting substances. Using a modified master mix containing 0.2 mg mL À1 BSA and 0.75 mM MgCl2 on a 2Â dilution series of the same sample starting at 1:2 showed no signs of inhibition in the highest dilutions (difference in C q values between dilutions was $1 cycle). Further testing on all the lakes using the same protocol showed no inhibition between 1:10 and 1:20 dilution. Consequently, the modified master mix with addition of BSA and MgCl 2 and 1:10 dilution of the samples was used for quantification of Gonyostomum semen cysts in sediments after purification of the samples using the OneStep TM PCR Inhibitor Removal Kit.
Detection and quantification of G. semen cysts in lake sediments
In Lake Helgasjö n the qPCR assay could quantify Gonyostomum semen DNA in the sediment slice from 1 to 2 cm depth. A low sedimentation rate in this lake as inferred from the 210 Pb dating indicates the presence of material with an age of 9-27 years in this section (Table 5, Supplementary Table S1 ). Cyst numbers were approximately 670 cysts g À1 wet weight sediment at this depth in one of the analyzed cores, and below the limit of quantification in the sample from the other core. Samples below 1-2 cm depth showed no amplification. As the sedimentation rate in Lake Helgasjö n was very low and DNA was extracted from every second slice in the cores, it is unfortunately not possible to tell from the qPCR results whether blooms in the late 1940s could be detected in the sediment record. In Lake Ä lgarydssjö n, G. semen DNA could be quantified down to a sediment depth of 3-4 cm, corresponding to 12-18 years (Table 5, Supplementary Table S1 ), which is consistent with the data from national monitoring showing the first bloom formation in this lake in year 2000. Cyst numbers in samples from Lake Ä lgarydssjö n ranged from approximately 8500 cysts g À1 wet weight (in the slice from 1 to 2 cm depth) down to 440 cysts g À1 wet weight (at 3-4 cm depth). There was also amplification in samples down to a depth of 9-10 cm in Lake Ä lgarydssjö n, which corresponds to an age of 50-57 years (Table 5, Supplementary  Table S1 ). These were below the quantification limit but indicate that older sediments could be analyzed on a detection/nondetection basis after determination of the detection limit of the assay. Environmental monitoring of Lake Ä lgarydssjö n started in 1986 and the first occurrence of G. semen cells was recorded in 1989. Amplification of DNA from sediment depths corresponding to an age of 50 years suggests that the species was present in the lake many years before the environmental monitoring of Swedish GS1-F + GS1-R 108
lakes started, but these results should be interpreted with caution as the detection limit of the assay was not determined. In the sediments of Lake Strå ken, Gonyostomum semen DNA was also detected but the cores from this lake showed signs of mixing or variation in the sedimentation rates within the cores. The results from this lake are therefore more uncertain and must be interpreted with caution. Two models of the sediment chronology were established, one assuming different sedimentation rates in the upper and lower part of the cores and one assuming a constant sedimentation rate. Cysts of G. semen could be quantified down to a sediment depth of 5-6 cm, corresponding to an age of 2-3 years according to one age model and 11-14 years according to the other model (Table 5, Supplementary Table S1 ). There was also amplification of G. semen DNA in cores from Lake Tå ngerdasjö n, but the sediment from this lake could not be dated.
In the present study, a small amount of sediment was used for extraction in due to initial problems with inhibition by coextracted compounds. As inhibition could be managed after further method development it may, however, be possible to extract DNA from larger samples in future studies. As spatial variation in cyst deposition even at small scales may influence estimates of cyst abundances, extraction of DNA from several subsamples of each sediment slice is recommended for future studies, in addition to collecting multiple sediment cores. For future studies it would also be advisable to use freeze-core sampling, which generates highly intact cores and thus allows sampling at sub-annual resolution (Klaminder et al., 2012) .
Discussion
In both marine and freshwater environments there has been a recent awareness that several HAB species have increased their geographical distribution and have become invasive in new environments. In the oceans, both dinoflagellates and raphidophytes have expanded their habitat range (e.g. Bolch and de Salas, 2007; Hallegraeff et al., 2012; Kamikawa et al., 2007; Lilly et al., 2005) . These species all have resting stages in their life cycles, and recent trans-oceanic invasion have been attributed to cysts in ballast water (Hallegraeff and Bolch, 1992; Lilly et al., 2002) and shellfish stock transplantations . In freshwater systems, microalgal invasions are less well-studied, although there are several species that are expanding their habitat range. Determining why, how, where and when HAB species have expanded is currently receiving much attention. The when and where issues are, however, especially difficult to address in microorganisms. HABs are by their nature ephemeral, habitats are temporally heterogeneous, and species are difficult to detect when rare. An alternative approach, which has been used here, is to exploit the fact that many of these organisms produce benthic resting stages, and thereby map their distribution by identifying and enumerating cysts in the sediment. In this study, a quantitative real-time PCR method to detect and quantify cysts of the invasive freshwater raphidophyte G. semen was developed. The bioassay is specific to the genus Gonyostomum and can be used in sediments with high humic content.
Verification of qPCR assay
This is the first study in which Gonyostomum semen cysts have been quantified in sediments. The assay was verified using cultures of G. semen, field-collected G. semen cysts, and sediments where G. semen cysts had been enumerated microscopically. With this qPCR assay as few as 1.6 G. semen cysts (corresponding to 320 cysts per g wet weight sediment) could be reliably quantified in lake sediments from lakes where G. semen blooms occur, without amplification in negative controls (lake sediments with no occurrence of G. semen). A prerequisite for a qPCR assay is that the primer used is optimized for its purpose. In this case the aim was to design a primer combination that was specific to G. semen. As the number of sequences available from freshwater raphidophytes is very limited and few of these organisms are maintained in culture, it was only possible to test against a closely related marine species and the freshwater species Vacuolaria virescens. The primer combination that was used for the assay did not amplify these other species or negative controls even in late cycles. Another closely related freshwater genus to Gonyostomum is Merotrichia. Although there was no material available to test against, the primers were designed not to amplify DNA from this genus based on its sequence. It cannot be ruled out, however, that the primer pair used in this study will not amplify any of the other Table 5 Quantification of G. semen in sediments and the corresponding age of the sediment layers. In the case of Lake Strå ken the age range represents the youngest and oldest estimates derived using two different sedimentation rates. LOQ, limit of quantification. Gonyostomum species. These species include Gonyostomum depressum (Lauterborn) Lemmermann and its synonym Gonyostomum latum Iwanoff. In the literature Gonyostomum intermedium Skuja, Gonyostomum ovatum Fott, and Gonyostomum sinensis C.C. Jao are recorded, but there is no type material for these, and they have only been found in their type locality (Kusber, 2003) . It is therefore presently difficult to know which, if any, other Gonyostomum species would be identified with this method. Nevertheless, none of the other species are very common nor is their occurrence increasing.
Uses of qPCR assay for ecological studies
In the lakes where stratified sediment cores were obtained and dated, Gonyostomum semen cysts could be quantified in decadal old sediments. The method would therefore enable investigation of a time period during which blooms of G. semen appear to have become more common and attracted increasing attention from scientists, freshwater managers, and the public especially in northern Europe (Cronberg et al., 1988; Hongve et al., 1987; Karosiene et al., 2014; Lepistö et al., 1994; Peczula, 2013; Rakko et al., 2008; Rengefors et al., 2012) . By using this qPCR method it would be possible to study the sequence of recent colonization events and improve the knowledge about the current distribution of G. semen in this region, including lakes that have not been monitored. A detection/non-detection approach after determination of the detection limit of the assay could enable investigation even further back in the sediment record. Since G. semen cysts appear to degrade fairly rapidly (Rengefors et al., 2012) compared to e.g. dinoflagellate resting stages (e.g. Huber and Nipkow, 1922; Hä rnströ m et al., 2011) , caution should, however, be applied when interpreting negative results. Nevertheless, the longevity of G. semen cysts has not been investigated in either the field or the laboratory to date. The approach presented in this study can also be used for other invasive phytoplankton species that have benthic resting stages, in order to study invasion history and distribution.
Another application of the method is to quantify the cyst seed bank of Gonyostomum semen that can give rise to subsequent blooms. A close correlation between presence of cysts in sediments and water column has been shown for various marine dinoflagellates (Bowers et al., 2006; He et al., 2008; Stock et al., 2005) . For example, the number of cysts of the marine dinoflagellate Alexandrium fundyense in the Gulf of Maine appears to be an important determinant of the size of the next bloom (Stock et al., 2005 (Stock et al., , 2007 . The importance of the size of the cyst seed bed to blooms of G. semen has not been investigated to date, but blooms are initiated from cysts. In the fall, G. semen disappears from the plankton following encystment (Figueroa and Rengefors, 2006) and undergoes a period of mandatory dormancy that lasts 11 weeks (Rengefors et al., 2012) . In Lake Bö kesjö n, Southern Sweden, cells first appear in mid-April (Lebret et al., 2012b) but have their maximum excystment rates in mid-May (Rengefors et al., 2012) . Consequently, each new bloom is dependent on the germination of cysts. Hansson (2000) showed that recruitment of G. semen from sediments to the water (presumably germination of cysts) was highly correlated with the mean concentration in the water. Previously, it has been very difficult and time-consuming to enumerate G. semen cysts in the sediments due to their fragility and similarity to other cysts. With this new technique it would be possible to monitor the cyst dynamics in several lakes across years, and simultaneously monitor bloom dynamics. Moreover it would be possible to study the role of the seed bank in inoculating and feeding blooms, as well as determining likelihood of subsequent blooms. It may, however, be necessary to use microscopic analyses as a complement when quantifying cyst banks for bloom initiation, as qPCR detected both green cysts, which likely are viable, and brown cysts, which are not likely to germinate (Rengefors et al., 2012) when qPCR and microscopic enumeration were compared.
One of the issues that could not be resolved here is how far back in time viable cysts can be found in sediments. There is no information regarding how long Gonyostomum semen cysts can survive under ideal conditions. From dinoflagellates it is known from laboratory studies that they can survive at least 6 years (Huber and Nipkow, 1922) while field studies show that marine cysts of over 100 years are viable and can germinate (Ribeiro et al., 2011) . Also diatoms can be revived from marine sediments that are up to 100 years old (Hä rnströ m et al., 2011) . For raphidophytes, there has to date been no studies on their cysts' long-term survival. The longevity of the cysts has implications for bloom potential in habitats where G. semen is currently not forming blooms, but has cysts in the sediment.
Although the motivation for this study was to develop a method to quantify cysts, this method is directly applicable for quantification of cells in the plankton. This method has an advantage over microscopic enumeration in three cases: (1) when Gonyostomum semen is rare, (2) when many samples need to be monitored, and (3) for taxonomists not familiar with G. semen. The first case would for instance be to explore lakes which are potential G. semen lakes or when detailed bloom dynamics are needed. Using qPCR, a large amount of water can be filtered and extracted compared to microscopy when sample size is usually only 10-25 mL. For large monitoring attempts or experiments that require many samples to be analyzed, microscopic enumeration quickly becomes overwhelming. In this case qPCR would be a relatively quick and accurate method for enumeration. Moreover, the sensitivity of PCR vastly enhances the possibilities of detecting cells when they are rare. Since G. semen is difficult to identify for the untrained eye, the qPCR method can also aid in identification of the species.
Future perspectives
The combination of a qPCR assay of sediments and sediment core dating provides a method to investigate changes in distribution of expanding, invasive, or retracting species. Moreover, if the connection between bloom intensity and cyst abundance can be established, it will also allow for studies of changes in bloom dynamics over time. Although the method is designed specifically for the expanding nuisance species Gonyostomum semen, this species can provide a useful model organism to address general questions regarding invasions and expansions of phytoplankton.
